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Measurements of resistance vs. temperature have been car-
ried out on a sequence of quench-condensed ultrathin films
of amorphous bismuth (a-Bi). The resistance below about
0.1K was found to be temperature independent in a range
of films with thicknesses spanning the superconductor-to-
insulator transition that would be inferred by analyzing data
obtained above 0.14K. Film magnetoresistance was temper-
ature dependent in the same temperature range over which
the resistance was temperature independent. This implies
that the low temperature metallic regime is intrinsic, and not
a consequence of failure to cool the electrons.
Research on ultrathin superconducting films has been
focused on superconductor-to-insulator (SI) transitions
[1], which are believed to be quantum phase transitions
(QPTs) [2]. In a QPT, tuning an external parameter of
the Hamiltonian alters the ground state. The external
parameters in previous work have been disorder, varied
by changing the thickness of quench-condensed films, and
perpendicular and parallel magnetic fields [3,4,5,6,7,8].
A complication in studying QPTs is that they occur
at zero temperature, whereas data is acquired down to
the lowest accessible temperatures, which are naturally
nonzero. Finite-size scaling is used to infer the existence
of the QPT, and to extract critical exponents [9]. A suc-
cessful finite-size scaling analysis is evidence of a QPT,
but is not a proof. If other physics intervenes at tempera-
tures lower than those accessed in the measurements, one
may draw incomplete, if not erroneous, conclusions [10].
For this reason it is essential to strive to extend mea-
surements to lower temperatures in search of the “true”
ground state.
Metallic behavior at low temperatures was recently re-
ported in studies of the field-driven transition of homoge-
neous MoGe [11] films that would have been considered to
be superconducting in the T → 0 limit, based on a finite-
size scaling analysis. Earlier, quench-condensed granular
films exhibited metallic behavior in zero magnetic field,
beginning at temperatures(∼ 2K), just below those at
which the resistance initially began to drop towards zero
[12]. In previous work on ultrathin films of a-Bi grown
on an a-Ge layer, there were no indications of a metallic
regime down to temperatures of order 0.14K [7].
In this letter we report measurements of R(T,H) of a-
Bi films over a range of thicknesses spanning the putative
SI transition. We find metallic behavior in zero magnetic
field, as evidenced by a nonzero temperature-independent
resistance at the lowest measured temperatures, which
were of order 0.050K [13]. Considering only data taken at
temperatures above 0.14K, this same set of films would
appear to be undergoing a thickness-tuned SI transition.
A metallic regime was also present when the films were
subjected to magnetic fields applied in the plane. Such
fields mainly affect the amplitude of the order parameter,
as they do not introduce vortices as perpendicular fields
do.
Amorphous Bi films were deposited in situ at liquid he-
lium temperatures onto single-crystal SrTiO3(100) sub-
strates, pre-coated (in situ) with a 6A˚ thick film of a-Ge
[14]. This was done in a chamber held at a pressure
of 10−10 Torr. To prevent annealing, substrate temper-
atures were held below 12K during growth, and below
18K during other processing and handling. Film thick-
nesses were increased in increments as small as 0.05 A˚,
as measured using a calibrated quartz crystal monitor.
Films processed in this fashion are believed to be homoge-
neously disordered [15]. However, a previous experiment
showed that a-Ge plays an active role in electrical trans-
port [16]. Critical features of the present experiments are
the ability to change the nominal thickness of a film in
tiny increments and to grow films that are homogeneous
in thickness to one part in 104. This was accomplished
by using a large source-to-substrate distance (60cm) and
employing Knudsen cells as vapor sources, and maintain-
ing ultrahigh vacuum conditions during growth. All of
the effects reported here occurred over a nominal thick-
ness range of order 0.2A˚ out of approximately 9.0A˚, and
would not have been seen without such stringent control.
Resistance measurements were carried out in a Kelvi-
nox 400 dilution refrigerator, using either DC or AC four-
probe techniques. Electrical leads into the cryostat were
filtered at room temperature using pi-section filters with
a cutoff frequency of about 500 Hz. Extra filtering was
employed when a DC current source was used, bringing
the cutoff frequency down to about 10 Hz. Power dissi-
pation in the measurement process was kept below 1 pW.
Only magnetic fields parallel to the film plane could be
applied, with values extending up to 12.5T . In the pro-
cess of insuring adequate cooling of the films, rotation
of the sample platform was restricted to a few degrees.
Parallel alignment was adjusted very carefully at room
temperature. In high fields, even a slight misalignment
will result in a substantial perpendicular field compo-
nent, which could dominate the high-field physics. For
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example, an error of 10 at a field of 12T would result in a
perpendicular component of about 0.2T . This is greater
than the observed critical tuning field in previous stud-
ies of the SI transition in a-Bi films [7]. Given the fact
that one full turn of the rotator control corresponded to
about 20, the actual error of the alignment in this work
is estimated be of order 0.10.
The evolution of R(T ) of eleven films with thicknesses
ranging from 8.5 A˚ to 9.3 A˚ is shown in Fig 1. Thinner
films and thicker films, grown in other runs (not shown)
were insulating and glass-like in their responses, or fully
superconducting, respectively. Focusing on temperatures
above 0.14K, insulating and superconducting films ap-
pear to be clearly separated into two groups. Although
we do not show it here, resistance data of this set of films
could be collapsed in the usual manner employing a fi-
nite size scaling form, R (δ, T ) = RcF (δ/T
1
νz ), with a
critical exponent product νz of 1.1 ± 0.1 in agreement
with previous work [7]. The coherence length and dy-
namical critical exponents are ν and z respectively, and
δ is the control parameter given by d − dc, where d is
film thickness and dc is a critical thickness. This scal-
ing breaks down when temperature-independent, metal-
lic, resistance data below 0.14K are included in the anal-
ysis. It should be noted that this metallic regime was
found for both insulator- and superconductor-like films,
as might be inferred from the data above 0.14K.
In interpreting a temperature independent R(T ), one
must consider the possibility that as the measured tem-
perature decreases, the electrons do not cool. This is
an important issue for disordered ultrathin films, which,
as well as being antennae for electromagnetic radiation,
have tiny heat capacities. Apart from heating by the
measuring current, which is unlikely because I-V char-
acteristics were always linear, electromagnetic noise is
likely the major source of heating. Noise can be external
or internal to the cryostat. The latter would be Johnson
noise in the electrical leads that are in equilibrium with
black-body radiation. These leads are at temperatures
higher than that of the film over much of their length.
To be certain that the electrons have cooled would re-
quire measurement of some well-understood property of
the film and its use as a thermometer, or the provision of
a separate thermometer that is in certain thermal con-
tact with the film that has a response to possible heating
effects from the environment identical to that of the film.
Since neither of these possibilities was available, we rely
on indirect arguments. These will emerge in the course
of the discussion of R(T,H), which follows.
In Fig.2, R(H) at various temperatures is plotted for
the 9.3A˚ thick film. At the highest temperatures, in the
lowest fields, dR/dH is slightly positive. With increas-
ing field, a regime in which dR/dH becomes negative is
entered. This is followed by a minimum in R(H), and fi-
nally an upturn at higher fields. In sufficiently high fields
superconducting fluctuations are completely quenched.
The regime in which dR/dH < 0 is possibly associated
with the suggestion of Kivelson and Spivak [17], that a
local order parameter density can fluctuate from point
to point in sign as well as in magnitude in disordered
systems near the SI transition. This can bring about a
negative magnetoresistance in a perpendicular magnetic
field. As stated previously the small error in alignment
can result in a small component of magnetic field per-
pendicular to the plane.
The systematics of the magnetoresistance provide ev-
idence that the metallic regime is intrinsic. The nega-
tive magnetoresistance grows as T decreases as shown
in Fig.2, but becomes abruptly positive when R(T ) be-
comes temperature independent at low temperatures. It
continues to increase with further decrease of T . This
can be seen in the inset of Fig. 2 which emphasizes the
low field regime. The magnetoresistance in the metallic
regime is a function of temperature, both in its initial
change with field and for all values of field. If the satu-
ration of the resistance were a consequence of electrons
not cooling then these effects would not be expected.
The upturn of R(H) in high parallel fields is hard to
explain quantitatively as it is a consequence of the com-
bined action of the large parallel component of the field
and the very much smaller, but unknown perpendicular
component. A linear dependence of R(H) on field would
be expected if there were flux flow resistance due to a
perpendicular field component [18]. It should be noted
that at high fields there is a significant contribution to
the resistance which is quadratic with field. This could
be associated with the weakening of the order parame-
ter amplitude fluctuations by the parallel component of
field.
Further interesting effects are seen if the temperature
dependence of the resistance is plotted for fields above
the magnetoresistance minimum. The quenching of su-
perconducting fluctuations in this regime is shown in Fig.
3 for the 9.19A˚ thick film. Its low temperature behavior
is always metallic. As the field is increased, the domain
in temperature over which dR/dT = 0 broadens signifi-
cantly and reaches a maximum width of about 100mK..
This maximum width can be seen much more dramati-
cally in Fig. 4 which shows data from the 9.09A˚ thick
film, in which the temperature of the onset of the metal-
lic regime is plotted as a function of its resistance. For
this film, the resistance of the widest metallic regime was
12, 900Ω, which is remarkably close to twice the value
of the quantum resistance for pairs. This resistance is
actually equal to the zero-field resistance of the film in
the low temperature limit. This particular film is the
first of those in the sequence of films shown in Fig. 1
that exhibits superconducting fluctuations as evidenced
by a downturn in R(H) at higher temperatures. All of
the films exhibiting superconducting fluctuations display
a similar response to an applied parallel magnetic field.
It is important to note that the systematics of this vari-
ation of resistance with field are different from what was
reported by Mason and Kapitulnik [19].. This may be
a consequence of the fact that the field in this work was
parallel rather than perpendicular to the film plane.
2
One may compare the present results with those ob-
tained in studies of quench-condensed a- Ga films which
behaved in a manner very similar to the films of the
present work, but became metallic at temperatures as
high as 2K [12]. In that work, the temperatures at which
dR/dT first fell to zero were dependent on the measuring
current. In the subsequent work of Ref. [20], on similar
films, it was proposed that the nonlinearities and metallic
behaviors in films that appeared to become insulating at
high temperatures were a consequence of charge motion,
whereas for those that appeared to become superconduct-
ing, they were due to vortex motion. This was arrived at
because the systematics of the data suggested that insu-
lating and superconducting states at T = 0 would only be
found in the limit of zero measuring current. Although
the I-V characteristics were nonlinear, the systematics of
the data could also be used to eliminate the possibility of
heating. It is conceivable that similar nonlinear features
of the I-V characteristics for a-Bi films exist, but their
observation would require much lower current levels than
were employed in the measurements.
Metallic regimes at low temperatures in ultrathin films
that exhibit local superconductivity have been the sub-
ject of several theoretical works, which emphasize the
bosonic nature of these systems as well as, in some in-
stances, the role of dissipation [21,22,23,24]. The data
we have presented cannot validate any of these theories,
some of which make very specific predictions, such as
glass-like behavior [23]. On the other hand, the data
can be used to make a case for the metallic regime be-
ing intrinsic and not a consequence of failure to cool the
electrons.
The values of either thickness or magnetic field that
result in maximally wide metallic regimes could be ev-
idence of the metallic quantum critical point of the SI
transitions proposed in the context of phase-only Bose
Hubbard models [25,26]. We conjecture that when the
tuning parameter of the quantum phase transition is close
to its critical value, evidence of quantum critical fluctu-
ations, in this case, a metallic regime, extends to high
temperatures, resulting in behavior such as that exhib-
ited in Fig. 4. In this scenario metallic behavior at other
fields (or thicknesses) is seen at nonzero temperatures
because the free motion of vortices and charges that re-
spond to the measuring current masks the superconduct-
ing and insulating ground states, as discussed above. The
actual value of the resistance of the separatrix for the
thinnest film exhibiting superconducting fluctuations is
very close to h/2e2 which is double the quantum resis-
tance for electron pairs. It turns out that this is the
value of the critical resistance obtained from finite-size
scaling of Monte Carlo data in simulations of the phase-
only Bose Hubbard model [26]. This scenario implies
that there is a quantum critical point separating insulat-
ing and superconducting phases, with the metallic regime
that obscures it resulting from a nonzero measuring cur-
rent. Alternatively, there might not be a quantum crit-
ical point at all. In this instance, the striking magnetic
field dependence of the temperature onset of the metallic
regime such as shown in Fig. 4 would be just a feature
of the phase diagram of the putative Bose metal regime.
In summary, the extension of measurements of R(T ) of
ultrathin, quench-condensed films of a-Bi down to tem-
peratures of order 0.05K have revealed metallic behavior
over a range of film thicknesses near the SI transition.
This suggests that the apparent superconducting and in-
sulating ground states inferred from the analysis of data
obtained at temperatures above 0.14K and discussed in
many theories, may not be realized. Evidence was pre-
sented supporting the results being intrinsic, and not a
consequence of the electrons in the film not being cooled.
Lower temperatures and lower measuring current densi-
ties may be needed to find the “true” ground state, at
least for films in the transition regime between insulating
and superconducting behavior.
This work was supported by the National Science
Foundation Condensed Matter Physics Program under
grant Grant DMR-0138209.
....
[1] Allen M. Goldman and Nina Markovic´, Physics Today 51
(11), 39 (1998).
[2] Subir Sachdev, ”Quantum Phase Transitions,” Cambridge
University Press (Cambridge, 1999).
[3] D. B. Haviland, Y. Liu, and A.M. Goldman, Phys. Rev.
Lett. 62, 2180 (1989); Y. Liu, D.B. Haviland, B. Nease,
and A.M. Goldman, Phys. Rev. B 47, 5931 (1993).
[4] A. F. Hebard and M.A. Paalanen, Phys. Rev. Lett. 65, 927
(1990).
[5] A. Yazdani and A. Kapitulnik, Phys. Rev. Lett. 74, 3037
(1995).
[6] J. M. Valles, Jr., R.C. Dynes, and J.P. Garno, Phys. Rev.
Lett.69, 3567 (1992).
[7] N. Markovic´, et al., Phys. Rev. B 60, 4320 (1999).
[8] V. F. Gantmakher, et al., Pis’ma Zh. Eks. i Teor. Fiz. 71,
693 (2000)
[9] S. L. Sondhi, S. M. Girvin, J. P. Carini, and D. Shahar,
Rev. Mod. Phys. 69, 315 (11997).
[10] P. W. Anderson, Physica B 318, 28 (2002).
[11] D. Ephron, A. Yazdani, A. Kapitulnik and M. R. Beasley,
Phys. Rev. Lett. 76, 1529 (1996); N. Mason, and A. Ka-
pitulnik, Phys. Rev. Lett. 82, 5341 (1999).
[12] H. M. Jaeger, D. B. Haviland, B. G. Orr and A. M. Gold-
man, Phys. Rev. B 34, 4920 (1986) and Phys. Rev. B 40,
182 (1989).
[13] The actual low temperature limit on the sample holder was
close to 0.020 K when the refrigerator was cooled to its base
temperature. This was determined from other work using
a calibrated thermometer mounted on it. The calibration
for the thermometer used for the present studies had a
lower limit of 0.050K, hence the use of the term “measured
temperature.” All of the data shown refers to the latter, but
3
the metallic regime discussed here actually persisted to the
temperature reached when the refrigerator was allowed to
cool to its base temperature.
[14] L. M. Hernandez and A. M. Goldman, Rev. Sci. Instrum.
73, 162 (2002).
[15] M. Strongin, R. S. Thompson, O. F. Kammerer,and J. E.
Crow, Phys. Rev. B 1, 1078 (1970).
[16] B. Nease, A. M. Mack, G. C. Spalding, G. Martinez-
Arizala, A. M. Goldman, Physica B 194-196, 2347 (1994)
[17] S. A. Kivelson and B. Z. Spivak, Phys. Rev. B 45, 10490
(1991)
[18] N.Markovic´, A.M.Mack,
G.Martinez-Arizala and A.M.Goldman, Phys. Rev. Lett.
81, 701 (1998).
[19] N. Mason and A. Kapitulnik; Phys. Rev. B 65, 220505
(2002).
[20] C. Christiansen, L. Hernandez, and A. M. Goldman, Phys.
Rev. Lett. 88, 037004 (2002).
[21] D. Das and S. Doniach, Phys. Rev. B. 60, 1261(1999).
[22] Tai Kai Ng and Derek K. K. Lee, Phys. Rev. B 63, 144509
(2001).
[23] Denis Dalidovich and Philip Phillips, Phys. Rev. Lett. 89,
027001 (20020).
[24] A. Kapitulnik, N. Mason, S. A. Kivelson, and S.
Chakravarty, Phys. Rev. B 63, 125322 (2001).
[25] M. P. A. Fisher, G. Grinstein, and S. M. Girvin, Phys. Rev.
Lett. 64, 587 (1990); Min-Chul Cha et al., Phys. Rev. B
44, 6883 (1991).
[26] Mats Wallin, Erik Sorenson, S. M. Girvin, and A. P. Young,
Phys. Rev. B 49, 12115 (1994).
FIG. 1. Evolution of R(T ) for a series of eleven different
thicknesses of Bi. Film thicknesses are: 8.5, 8.7, 8.8, 8.85, 8.91,
8.99, 9.05, 9.09, 9.19, 9.25, and 9.3A˚. The 50mK resistance of
the nominally critical curve is very close to 12,900 Ω, twice
the quantum resistance for pairs.
FIG. 2. Evolution of R(H) at various temperatures for the
9.3A˚ thick film, with H in-plane. Temperatures, for curves
from top to bottom are: 500, 250, 200, 150, 100, and 50mK.
Inset: the same data plotted as percentage change in the resis-
tance vs. field. The range is limited to 1 T, so as to highlight
the low-field behavior. The two upper curves were obtained
at 100 mK and 50 mK, which are in the metallic regime.
FIG. 3. Evolution of R(T ) of the 9.19A˚ film as a function
of in-plane magnetic field. Field values from top to bottom
are: 12.5, 12, 11.6, 11.5, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2, and 0 T.
FIG. 4. Plot of temperature Tflat at which R(T ) becomes
temperature independent vs. the value of that resistance for
the 9.09A˚ thick film. A sharp peak at a sheet resistance of
12,900 Ω is evident.
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